Background-Chronic alcohol use causes widespread changes in the cellular biology of the amygdala's central nucleus (CeA), a GABAergic center that integrates autonomic physiology with the emotional aspects of motivation and learning. While alcohol-induced neurochemical changes play a role in dependence and drinking behavior, little is known about the CeA's dynamic changes during withdrawal, a period of emotional and physiologic disturbance.
The central nucleus of the amygdala (CeA) is richly innervated with dopaminergic and adrenergic fibers from the ventral tegmental area and brainstem. Functionally, it integrates somatic and emotional information, processing autonomic and affective states, and plays a role in the motivation and stress of alcohol addiction (McBride, 2002) . Subsequently, alcohol withdrawal affects all levels of amygdalar function, altering behavioral, emotional, physiological, and neuronal phenotype (Cruz et al., 2012; McBride, 2002; McBride et al., 2010) . In part, these effects are thought to arise from changes in gene expression (Koob, in press ). However, because alcohol alters CeA function broadly (Clapp et al., 2008) , inhibiting glutamate excitation (Obara et al., 2009; Roberto et al., 2004) , enhancing c-aminobutyric acid (GABA)-triggered chloride flux (Bajo et al., 2008) , and altering intracellular signaling via multiple pathways (Hans-son et al., 2008) , characterizing relevant gene expression changes during alcohol withdrawal is a complex undertaking. Improved insight into these expression changes may inform our understanding of the neurobiological substrates of alcohol dependence and compulsive use aimed at limiting the negative experiences of withdrawal and protracted abstinence (Koob, in press ).
Despite the role of the CeA in mediating alcohol-related consumption and dependence behaviors, only modest gene expression changes have been reported in the region under various exposure paradigms. For instance, in a genome-wide study of alcohol-preferring rats, differential expression was shown in only 23 genes 24 hours after a last operant ethanol (EtOH) exposure period (Rodd et al., 2008) . While these included a GABA A receptor subunit (Gabrr2) and a regulator of metabotropic glutamate receptors (Homer2), the limited changes observed were potentially attributable to random chance. In a follow-up study, McBride and colleagues (2010) measured CeA gene expression 1, 6, and 24 hours after an 8-week series of repeated 1-hour binge exposure sessions in alcohol-preferring rats. Here, the CeA showed a more robust response, with expression changes in 402 named genes from 34 Gene Ontology annotation categories including: GABA signaling, second messenger signaling systems, enzyme-linked receptor protein signaling, regulation of protein kinase, and the MAPKKK cascade. Together, these studies suggest that alcohol-induced expression changes in the CeA are likely to be both time-and context-dependent. Consequently, a more complete understanding requires frequent sampling under multiple experimental conditions. Toward this goal, this study examines the temporal patterns of gene expression in the CeA during the first 48 hours of alcohol withdrawal.
Recent work in our laboratory has focused on examining withdrawal-induced expression changes on a systems level, providing insight into regulatory dynamics in the dorsal vagal complex (DVC), a reciprocally connected portion of the medulla that supplies afferents to and receives efferents from the CeA (Freeman et al., 2012a,b) . Here, we use a similar approach to study the CeA during dependence and withdrawal. By focusing on a limited gene set, representing GABA A , N-methyl-D-aspartic acid (NMDA), and functionally important G-protein-coupled receptor (GPCR) subunits that involve other neuromodulatory signals including corticotropin-releasing hormone, angiotensin-peptide system, metabotropic glutamate receptors, and other neuropeptide systems, as well as downstream signaling components, we gain a dynamic view of the transcriptional contributions to withdrawal following chronic alcohol exposure. With this approach, we discovered coexpressed gene relationships and potential underlying regulatory mechanisms. During withdrawal, 47% of measured transcripts experienced statistically significant expression changes. Often, these changes were withdrawal-specific-their expression levels were not significantly different from control values during chronic exposure. Over the course of withdrawal, we identified 4 significant temporal expression patterns that suggest roles for several transcription factors (TFs) previously implicated in alcoholic liver disease and inflammation in coordinating the amygdala's withdrawal-related expression change, including Cebp, Usf-1, Smad3, Ap-2, and c-Ets.
MATERIALS AND METHODS

Alcohol Exposure
The details of the method of alcohol exposure have been previously reported (Freeman et al., 2012a,b) . Briefly, male Sprague-Dawley rats (>120 g; Harlan, Indianapolis, IN) were assigned to 3 treatment groups: control (N = 33), chronic exposure (N = 26), or withdrawal following chronic exposure (N = 33). Withdrawal animals were assigned to 1 of 5 time points: 4, 8, 18, 32, or 48 hours, as shown in Fig. 1 (N = 5, 10, 7, 6, and 5, respectively) . Animals in the withdrawal and chronic exposure groups were fed the Lieber-DeCarli liquid alcohol diet (36% of calories as alcohol) ad libitum for at least 35 days (Lieber and DeCarli, 1994) . Controls were fed a calorically matched liquid diet where alcohol was isocalorically replaced with carbohydrate and diet volume equaled the average consumption of alcohol-fed littermates on the previous day. No differences in weight gain were noted between alcoholfed groups. Rats were individually housed in the Thomas Jefferson Alcohol Research Center Animal Core Facility and maintained at constant temperature and humidity with 12/12-hour light cycles (lights on at Zeitgeber time [ZT] 0). Protocols were approved by the TJU Institutional Animal Care and Use Committee.
Average daily alcohol intake for rats on the alcohol diet was 15.2 g/kg and was not different among alcohol-fed rats (p > 0.25; Fig. S1 ). Studies using the Lieber-DeCarli liquid alcohol diet in this facility and elsewhere report 20 to 30 mM peak blood alcohol concentrations with 12 to 16 g/kg average daily alcohol intake in rats following long-term exposure (>3 weeks), comparable to this study (Freeman et al., 2012a,b; Lieber and DeCarli, 1994; Macey et al., 1996; Wilson et al., 1986) .
At the withdrawal time, the alcohol diet was replaced with either water or control diet. Matched chronically exposed rats were given free access to alcohol until sacrifice. Previous studies and our experience show that following removal of the alcohol diet, rats exposed for more than 35 days experience symptomatic withdrawal within hours, with resolution over a 2-to 3-day period (Geisler et al., 1978; Macey et al., 1996; Walker et al., 1975) . Similarly, liquid EtOH diet exposures longer than 10 days have been reported to induce physiologic dependence evidenced by autonomic and somatic dysfunction, susceptibility to audiogenic convulsions, and other behavioral signs within 4 hours of cessation ) that resolve over the first 48 to 72 hours (Geisler et al., 1978; Macey et al., 1996) . Alcohol clearance rates following diet cessation are approximately linear and at 7 hours are <25% of original levels (Wilson et al., 1986) . To examine gene expression changes during this period, we took CeA samples during chronic exposure and 4, 8, 18, 32, and 48 hours into withdrawal.
CeA Microdissection
Animals were killed by decapitation, and excised brains were placed into ice-cold artificial cerebral spinal fluid and secured for sectioning in agarose (4% UltraPureTM low melting point agarose [Invitrogen, Carlsbad, CA] in artificial cerebral spinal fluid; see Freeman et al., 2012a,b 
Gene Set Selection and System of Interest Identification
In this focused qRT-PCR study, gene selection was critical. We initially defined a system of interest based on previous CeA alcohol studies including GABA A (Bajo et al., 2008; Nie et al., 2004) , NMDA (McCool et al., 2010; Obara et al., 2009; Roberto et al., 2004 Roberto et al., , 2006 , GPCR subunits including Grm5, Crhr1, Oprm1, Cckbr, Gnb4, and genes related to GPCR function like Ace, Ace2, Agtrap, and Ren (Cruz et al., 2012; Kitanaka et al., 2008) . This list was expanded to include associated regulatory elements including Rgs (Ho et al., 2010; Liu et al., 2006) and receptor trafficking proteins (Obara et al., 2009) , downstream signaling components (Bajo et al., 2008; Sanna et al., 2002) , TFs (Pandey, 2004; Radwanska et al., 2008; Vilpoux et al., 2009) , and inducible targets (McBride et al., 2010) as shown in a schematic in Fig. 2 and in detail in Fig. 4A . The result is a focused and highly relevant gene set that can be examined over time during withdrawal.
RNA Handling and qRT-PCR
RNA was extracted with either the RNeasy or the AllPrep DNA/ RNA extraction kit (Qiagen, Valencia, CA) and then DNAase treated (DNA-Free RNA kit; Zymo Research, Orange, CA). Concentration and integrity were assessed with an ND-1000 (NanoDrop, Wilmington, DE) and RNA nano-6000 chips on an Agilent 2100 Bioanalyzer (Santa Clara, CA). Samples had approximately 800 ng of total RNA, a mean 260/280 ratio of 2.07 ± 0.2 (SEM) and were stored at −80°C until cDNA reverse transcription with SuperScript II (Invitrogen) per the manufacturer's protocol from 100 ng total RNA, which was determined to be an amount not requiring total RNA amplification yet sufficient for downstream analysis in this study. cDNA was stored at −20°C.
Roche's Universal Probe Library Assay Design Center (www.universalprobelibrary.com) was used to design intron-spanning PCR primers and probes. Expression assays target a single exon-exon junction and were designed without respect to isoform prevalence. One hundred thirty-nine assays passed quality control (Table S1 ). cDNA samples were selectively preamplified for 14 cycles with TaqMan ® PreAmp Master Mix (Applied Biosystems, Foster City, CA) and a mix of all the selected primers, per the Bio-Mark ™ manufacturer's protocol (Fluidigm, South San Francisco, CA) . qPCR was performed on 96.96 BioMark ™ Dynamic Arrays (Spurgeon et al., 2008) for 40 cycles (15 seconds at 95°C, 5 seconds at 70°C, 60 seconds at 60°C). Software-designated failed reactions were discarded. Threshold cycle (C T ) values were calculated by the Real-Time PCR Analysis Software (Fluidigm, Table S2 ).
Data Normalization and Analysis
Data were quantile-normalized (Bolstad et al., 2003; Pradervand et al., 2009 ) (ΔC T ) in R (http://www.r-project.org) to account for technical variability and batch effects in a manner analogous to the housekeeping gene-based normalization. This data-driven normalization approach is relatively resistant to the potential biases introduced by housekeeping gene normalization. Practically, quantile normalization has been shown to be superior to single housekeeping gene and rank-invariant normalization for reducing technical variation in large qRT-PCR studies (Mar et al., 2009) . Following quantile normalization, diurnal effectcorrected -ΔΔC T values were determined for each gene on a per sample basis by subtracting the average value for a given treatment from the average ΔC T value of all controls killed at the same time of day, as previously reported (Freeman et al., 2012a,b) . Prior to diurnal normalization, 21 (14%) of the genes showed significant differences between sacrifice times among controls. After sacrifice-specific normalization, none of the genes showed significant diurnal variation (ANOVA, p > 0.05). The -ΔΔC T values were used for further analysis.
Genes with significant treatment effects were identified via ANOVA with 7 possible levels: control, chronic, and the 5 withdrawal durations. Post hoc Tukey's HSD tests were used to identify differences between time points. Multiple testing corrections were performed using the q-value approach in R (Storey and Tibshirani, 2003) . With false discovery rate thresholds of 10 to 20%, 70 to 80% of the genes show a statistically significant treatment effect (Table S3 ), a direct result of the very low π 0 value (π 0 = 0.25). This statistical outcome was expected from our experimental design where a high proportion (~50%) of genes change, which differs fundamentally from microarrays where ~5% of tens of thousands of genes change significantly. Further, in this enriched and limited 139-gene set, false positives are less likely (5% × 139 = 7, vs. 5% × tens of thousands of genes). The result is that an ANOVA p-value cutoff of 0.05 is more stringent and therefore was used for downstream analysis. All statistical tests were conducted at a 95% confidence level (p 0.05).
Time series clustering was performed to identify statistically significant expression patterns and gene groups among differentially expressed genes using short time series expression miner (STEM) (Ernst and Bar-Joseph, 2006) . User-defined parameters were set to 35 profiles, maximizing the number of clustering genes, with a minimum correlation threshold of 0.7. Four statistically significant clusters were identified (p < 0.05). Functional enrichment analysis of these clusters was performed using the DAVID Bioinformatics Resource v6.7 against the user-defined 139-gene background (Huang da et al., 2007) . DAVID is a freely available annotation tool that identifies statistically enriched functional terms from public databases including gene ontology (GO) and KEGG Pathways. Significance of enrichment was evaluated with Fisher's exact tests (p ≤ 0.05).
Shared TF binding sites among clustered genes were identified within the 1,000 bp upstream of the transcription start sites using the Promoter Analysis and Interaction Network Toolset (PAINT) (Vadigepalli et al., 2003, Table S4 ). This regulatory network analysis identifies TF binding sites that are statistically more common in the promoters of the gene subset than expected relative to their appearance in promoters randomly sampled from a reference (Fisher's exact test, p ≤ 0.05). Frequencies are compared to account for differences in binding site definitions, ensuring that issues of length, complexity, or degeneracy do not influence results. Each cluster was analyzed with PAINT twice, comparing clusters to both the rat gen ome and the 139-gene background. This enables a comprehensive view of the shared binding sites while identifying enrichment attributable to the initial 139-gene selection. Promoter sequences were retrieved using the TRANSFAC Professional 2009.4 algorithm (http://www.gene-regulation.com/pub/databases.html) and Entrez Gene IDs. The default settings in PAINT were used for binding site identification. Binding site enrichment suggests a role for the corresponding TF in the observed dynamics and can be interpreted as evidence for coregulation. Networks were visualized in Cytoscape (Cline et al., 2007) .
RESULTS
Overall Transcription Dynamics
Using qRT-PCR to study CeA gene expression changes, we identified a marked contrast between withdrawn and chronically exposed animals. Overall, 65 of the 139 tested genes showed a significant treatment effect as identified by ANOVA. Of these, post hoc analysis identified a set of 61 that differed significantly between time points in at least 1 pairwise comparison (Tukey's HSD comparisons, p ≤ 0.05, Fig. 3 , Table S3 ). Only 3 genes, Grin2c, Pebp1, and[notdef] Rgs6, were found to vary significantly between control and chronic exposure samples in post hoc testing. Additionally, 24 genes were found to have unique withdrawal expression states, where measures of at least 1 withdrawal time point differ statistically from both the control and chronically alcohol-exposed samples. Figure 4 shows the mean change in expression level at each time point of the 65 genes experiencing a statistically significant treatment effect. Figure 4B illustrates that the majority of the expression differences are seen during the withdrawal period, rather than following chronic exposure.
Expression Changes in Chronic Alcohol Exposure
Our initial hypothesis was that chronic alcohol exposure would result in adaptations in neurotransmitter and signaling systems activated by acute alcohol to counteract these effects, and that these changes would be reflected in CeA gene expression as is generally suggested (Koob, in press ). This appeared to be the case for PKA/Creb signaling, a pathway known to be activated by acute alcohol exposure (Pandey, 2004; Pandey et al., 2005) , which showed a mild increase in Creb mRNA levels, with balancing decreases in Adcy9 and Crebbp expression in chronic exposure, though only at nonsignificant levels (|fold change| = <0.1, p > 0.05). However, other measured transcripts did not behave according to this supposition. For ionotropic glutamate receptors, we observed mild decreases in the expression of NMDA subunits Grin2c and Grin3a and AMPA subunits Gria2 and Gria3, despite their known inhibition by alcohol (maximum fold change: Grin3a = -0.17). Similarly, Gad1, Gabra5, Gabrd, and Gabrg3 mRNA levels were mildly increased despite alcohol's activity as a central nervous system (CNS) depressant (maximum fold change: Gad1 = 0.35). Again, pairwise post hoc testing indicates that for the vast majority of genes, excluding Grin2c, Rgs6, and Pebp1, these changes were relatively minor and represent mean trends rather than significant differences between control and chronic exposure. However, these trends were opposite our initial expectations and suggest that complex regulatory mechanisms are involved in determining the dependent state, likely including other levels of transcription or translational regulation, not detectable by single measures during chronic exposure.
Withdrawal Expression Changes
In contrast, during withdrawal, more pervasive expression changes were seen (Fig. 4B) , particularly early at 4 and 8 hours. These early expression changes included coordinated down-regulation in Ras/Raf signaling pathway components, with concomitant up-regulation of Dusp6, an inactivating phosphatase. We also observed down-regulation in transcripts associated with JNK and IP3/DAG signaling. Downstream of these pathways, transcriptional regulators Creb, Crebbp, Jun, and Elk1 underwent up-regulation. Concordantly, Zeb1 and Rbck1, transcriptional repressors, were strongly down-regulated in the early period. Beginning 4 hours into withdrawal, changes in mRNA levels of methylation state regulators were also noted, including down-regulation of Dmap1, Trdmt1, and Mbd1 and up-regulation of Mgmt expression, suggesting a potential role for epigenetic regulation in the CeA during alcohol withdrawal. There were also expression changes in transcripts encoding many membrane-bound proteins, although these were subunit-specific and not uniformly up or down within a functional group. Notable early down-regulation included the GABA transporter Slc6a1, GABA A receptor subunit Gabrd, and the GPCR modulators Rgs3, Rgs6, Rgs12, and Rgs19. Other early up-regulated transcripts included Ace, encoding angiotensin-converting enzyme, as well as Rgs4, Rasgrp1, and Grin2c.
Changes at 32 and 48 hours were distinct from early measures, most notably in the Ras/Raf signaling pathway whose associated kinases were largely up-regulated at these late points. Accordantly, the 18 hour measures appeared largely transitional between early and late expression. Overall, only 5 genes, Plcb1, Pebp1, Jun, Rbck1, and Rgs12, had average -ΔΔC T values that could be classified as consistently up-or down-regulated throughout the withdrawal period. However, while these genes showed statistically significant changes for overall treatment effect, post hoc testing revealed significant changes at only 1 or 2 time points relative to time-matched controls. All other measured genes had average -ΔΔC T values reflecting both up-and down-regulation over the 48 hours withdrawal period, which highlights the time and context-dependent nature of expression measures.
Correlated Expression and Regulatory Analysis
Clustering with the STEM algorithm identified transcripts with correlated expression over time (Ernst and Bar-Joseph, 2006) . Four statistically significant patterns were identified and their temporal expression patterns are shown in Figs 5A, 6A, 7A , and 8A. Clusters 1 and 2, depicted in Figs 5 and 6, respectively, are both initially down-regulated with later induction, but differ in the magnitude of the initial decrease and the timing of peak induction. Cluster 3 (Fig. 7A) shows a more even increase throughout the withdrawal period, with only slight down-regulation at 4 hours. The fourth, as in Fig. 8A , shows oscillatory expression, varying appreciably over time, potentially reflecting transcriptional bursting (Golding et al., 2005; Raj and van Oudenaarden, 2008) .
Cluster 1-Initial Decrease Followed by Up-Regulation
As shown in Fig. 5A , the largest cluster has 11 members, including transcripts whose products function in the Ras/ Raf signaling pathway and as glutamate receptor subunits. Initially, the cluster showed a decrease in expression 4 and 8 hours into withdrawal. Then, at 18 hours, mRNA transcript levels began increasing, reaching a peak at 32 hours before nearing baseline levels at 48 hours. In addition, Cluster 1 transcripts share regulatory TF binding sites suggesting common regulatory relationships as shown in Fig. 5B . PAINT promoter analysis identified several binding sites more commonly found in the 1,000 bp promoter region of cluster members than would be expected based on their fre-quency in the rat genome including Gabp, cMyc:Max complex, and Krox. TFs with binding sites shown as solid arrows in Fig. 5B were overrepresented in comparison with the 139-gene set, including Cebp, Plzf, and Usf, offering additional statistical support of the regulatory relationship. Functional analysis (Fig. 5C ) identified several statistically enriched annotation terms including NMDA receptor subunits (Gria2, Gria3, and Grin3a), Ras GTPaseactivating (Rasa1 and Rasa2), Mg 2+ ion binding (Hprt1, Pak3, and Map3k12), and axon guidance (Rasa1, Rgs3, Mapk3, and Pak3) in comparison with the 139-gene background.
Cluster 2-Initial Down-Regulation Followed by Return to Baseline
The second cluster has 6 transcripts including 2 Rgs family proteins, Rgs12 and 19, and GABA A and NMDA receptor subunits Gabrg3 and Grin2c. Depicted in Fig. 6A , this group underwent a rapid decrease in expression at 4 hours reaching a 30 to 50% reduction from control levels. mRNA levels began increasing at 8 hours and approached control levels without later increases in expression. Half the cluster's transcripts share binding sites for Sp1, Krox, and Etf family TFs, more commonly than would be expected based on the rat genome (Fig. 6B) . Additionally, there is statistically significant enrichment for E2f, Ap-2, Pebp, and NF-1 binding sites in comparison with the 139 tested genes. Functionally significant enrichment for Golgi membrane localization was found, though based on annotations for only Rgs19 and Ntrk2, as shown in Fig. 6C . 
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Cluster 3 has 6 members that undergo induction later in withdrawal, peaking around 32 hours before returning to baseline, as shown in Fig. 7A . While they also show a mild decrease in expression at 4 hours, this average decrease is smaller than Clusters 1 and 2. Wt1 and Zf5 binding sites were found in 4 of the 6 transcripts, more commonly than their frequency in the rat genome. vMyb, Smad3, c-Ets-1, Pax-4, and Ap-1 binding sites were overrepresented in the cluster in comparison with the tested background. Functional annotation analysis identified significant enrichment for chromosome and enzyme-linked receptor protein signaling-associated gene transcripts.
Cluster 4-Oscillatory Dynamics of Expression Changes
The final cluster is shown in Fig. 8 . Five transcripts shared this oscillatory pattern, undergoing large changes in expression between measurements throughout the 48 hours withdrawal. Again, the most extreme changes were seen at 4 hours, where Raf1 and Ren underwent a 4-fold decrease from control expression levels. TF binding sites for Sp1 were shared by 3 members, more commonly than expected in the genome. Further Creb and related Tax binding sites were identified, occurring more frequently than expected in the 139-gene set. This gene group had multiple functional annotations: intracellular signaling cascades, chemokine signaling, the MAPKKK cascade, nucleotide binding, and long-term potentiation.
DISCUSSION
This study of gene expression dynamics during alcohol withdrawal in the CeA characterizes temporally coregulated changes during the first 48 hours following chronic exposure. Despite the limited expression changes during chronic exposure, CeA samples taken during withdrawal showed coordinated and widespread changes that involved transcripts associated with Rgs and Ras/Raf signaling, GABA A and glutamate receptor subunits, and associated downstream TFs. The largest magnitude changes were early, and both 4 and 8 hours were characterized by down-regulation in most measured transcripts. Time series clustering identified 4 significant patterns involving genes groups that share functional annotation for NMDA receptors, Ras GTPase-activating proteins, MAPKKK cascade, chemokine signaling, and enzyme-linked receptor protein signaling pathways, among others.
Comparison of cluster promoters suggested roles for Cebp, Plzf, Usf, E2f, Ap-2, Ap-1 Pebp, NF-1, vMyb, Smad3, c-Ets-1, Pax-4, and Creb/Tax TFs in regulating the observed expression dynamics.
The use of a high sample capacity qRT-PCR platform to study gene expression changes during periods expected to require neuroadaptation because of an abrupt disruption in homeostasis is relatively novel. Similar work from this laboratory examining alcohol withdrawal in the DVC demonstrates that the approach is effective in quantifying dynamic expression changes as they unfold (Freeman et al., 2012a, b) . However, the approach is not without limitations; as a focused gene expression study, gene set selection inevitably misses additional dynamic transcripts. Also, as both the DVC and CeA results suggest, levels of many transcripts early in alcohol withdrawal vary considerably among animals. In alcohol-treated animals, this may arise in part from combinations of variable patterns of intake and an unavoidable imprecise initiation of withdrawal in the ad libitum model. However, to a more limited degree, this variability is also observed in control animals killed at a single circadian time point, potentially representing true biologic heterogeneity. Consequently, a single isolated measure of an mRNA level may lead to false negatives. Therefore, it is remarkable that nearly half of the measured transcripts have significant expression changes despite this variability, suggesting a dramatic and consistent disruption in emotional and physiologic homeostasis. Further, while measurement of mRNA levels over time speaks to the biology of the system and its underlying regulatory networks, it also introduces potentially confounding diurnal variation. Although this study was designed to correct for diurnal gene expression differences by including sacrifice-time matched controls, it cannot account for unique withdrawal -diurnal expression states. Such compound interactions are likely and have been the focus of previously published withdrawal studies (Logan et al., 2012) and are the focus of additional work in our laboratory (Staehle et al., in preparation).
Alcohol-induced gene expression in the CeA has been the focus of previous studies. A limited number of changes were reported in a microarray study of CeA samples acquired from inbred alcohol-preferring (iP) rats 24 hours after the last operant conditioning session in a 10-week repeated exposure experiment; the study identified changes in only 23 genes, all of which were nonsignificant after false discovery rate correction (Rodd et al., 2008) . This differs from our findings using outbred Sprague-Dawley rats, which show the CeA undergoing widespread expression changes within 4 hours of cessation of prolonged LieberDeCarli diet exposure. While this may reflect differences between strains, it may also suggest that expression is highly contextual, dependent upon alcohol exposure method and measurement timing. This context dependency is supported by an 8-week binge exposure study of iP rats where expression changes over the 24 hours following the last binge were identified in 402 genes associated with cellular functions similar to those identified here, including: GABA signaling, enzyme-linked receptor protein signaling, and regulation of protein kinase and MAPKKK cascade (McBride et al., 2010) . The ad libitum rats in this study and the binge-exposed rats (McBride et al., 2010) consume larger cumulative alcohol doses than the rats in the operant exposure study (Rodd et al., 2008) , which may also contribute to context dependency and the extent of gene expression changes.
The 4 clusters showing correlated expression throughout the 48-hour withdrawal encode mRNAs functionally associated with Ras GTPase activation and NMDA receptors (Cluster 1, Fig. 5 ), the Golgi membrane (Cluster 2, Fig. 6 ), chromosome structure and enzyme-linked receptor signaling pathways (Cluster 3, Fig. 7) , and MAPKKK and chemokine signaling (Cluster 4, Fig. 8 ), among others. This suggests that changes in these cellular structures and functions occur as a result of alcohol exposure and withdrawal. Additionally, while unique in their specific temporal expression patterns, the clusters share a pattern of early downregulation. This may seem counterintuitive as withdrawal is characterized by profound neural excitation; however, we argue that this is in direct concordance with published models of cellular adaptation during dependence (Koob, in press ). Upon abrupt withdrawal from the adapted state, there are profound excitatory changes requiring a broad readjustment of cellular machinery. These changes are best understood in light of the preceding transition into chronic alcohol dependence and adaptation to the 35 days alcohol exposure. We believe that this prolonged exposure leads to broad cellular and molecular compensation to accommodate alcohol's effect as a CNS depressant, but that a single mRNA measure during dependence is unable to detect these because the CeA has reached a new steady state, no longer reliant on gene expression. However, secondary evidence of these adaptations can be observed in the transient mRNA expression changes following binge exposure (McBride et al., 2010) and in this study of withdrawal. Our expression data support this conceptualization, as only 3 of the 139 genes were found to be differentially expressed in chronically exposed compared to animals. In contrast, withdrawal was characterized by widespread down-regulation in signaling systems. We propose that the observed downregulation occurs as a corrective response to the profound excitatory activation suggested by the concomitant increases in TFs Creb, Crebbp, Jun, and Elk1.
This interpretation agrees well with the expression response seen in the DVC (Freeman et al., 2012a,b) , an interconnected autonomic brainstem nucleus that modulates vagal tone and that also experiences broad down-regulation in these signaling pathways early in withdrawal. Similar to these results, chronic exposure in the DVC resulted in few, small magnitude changes that became prominent after alcohol cessation. At the systemic level, the CeA and DVC display similar dynamics, with prominent down-regulation at 4 and 8 hours that transitions to up-regulation later, around 32 hours. This is particularly evident in the Ras/Raf signaling pathway. However, individual transcript changes appear to be regionspecific. For example, DVC expression changes in the GABA A and NMDA receptor families involve more individual transcripts and are larger in magnitude than in the CeA. This was equally true for immediate early genes, which are generally thought of as ubiquitous and universally responsive; in the DVC, Creb1, Fosl1, Jund, and Egr1, all showed measurable up-regulation at 4 hours, while in the CeA only Creb1 showed a similar increase. These regional expression patterns may reflect functional differences between brain regions, as well as the timing of withdrawal's impact on the region's function. As the DVC is involved in vagal modulation of vital functions like circulation and respiration, its transcription response might reasonably be expected to occur over a relatively immediate timescale. In contrast, the CeA functions at a more integrative level combining information about autonomic and emotional state and may not require such immediate, large magnitude changes.
CeA-specific promoter sequence analysis identified binding sites for TFs that potentially contribute to the observed expression patterns. Of note, Cebp (Cluster 1) (Chen et al., 2009 ), Usf-1 (Cluster 1) (Potter et al., 2003) , and Smad3 (Cluster 3) (Karaa et al., 2008) have been implicated in mediating alcoholic liver disease. Additionally, Usf-1 and Ap-2 (Clusters 2 and 4, respectively) are known to regulate the expression of monoaminergic neurotransmitter-associated genes including tyrosine hydroxylase and dopamine beta hydroxylase (Hong et al., 2008; Kim et al., 2001a,b; Schmidt et al., 2011) . These regulatory relationships are particularly relevant in the CeA, which is richly innervated with adrenergic neurons. Plzf (Cluster 1) (Eidson et al., 2011; Spicuglia et al., 2011) , Pebp (Cluster 2, polyoma enhancer-binding protein also known as CBF) (Giese et al., 1995; Puig-Kroger et al., 2000) , Ap-1 (Cluster 3) (D'Aversa et al., 2008; Yang et al., 2012) , E2f (Cluster 2) (Chen et al., 2011) , vMyb (Cluster 3) (Jeon et al., 2006) , and c-Ets-1 (Cluster 3) (Prosser et al., 1992) are known to regulate cellular oxidative stress and inflammation responses. These processes are implicated (Schmidt et al., 2011) by our CeA withdrawal gene expression data by the functional associations of MAPKKK and chemokine signaling in cluster 4 (Fig. 8 ) and additional CeA early withdrawal studies in this laboratory showing an up-regulation in TNF-α mRNA and other markers of innate immunity (Freeman et al., 2012a) . A subset of the TFs implicated in the promoter analysis were measured experimentally, including Egr1 (the Krox family), Jun, Creb1, its related binding protein Crebbp, and Sp1. Of these, Jun, Creb1, and Crebbp show statistically significant expression changes over the experimental period. For Egr1 and Sp1, the measured changes were small in magnitude and highly variable. Rather than showing simple causal relationships, discernable as patterns in the mRNA expression of the predicted TFs, the data support a more complex interaction of TFs and their targets.
In summary, this quantitative expression study shows widespread changes in the expression of a set of functionally relevant genes in the CeA over the first 48 hours of alcohol withdrawal. Early changes measured in CeA samples taken only 4 hours into the withdrawal period suggest that the CeA responds rapidly to changes in the neurochemical environment as a result of cessation of alcohol intake. The changes included down-regulation in Ras/Raf and other signaling pathways, potentially consistent with a protective response to profound increases in excitatory signaling. Our results also suggest a role for TFs known to play roles in coordinating monoaminergic neurotransmission and cellular stress and inflammation responses, including Cebp, Usf-1, Smad3, Ap-2, and c-Ets. Moving forward, these insights can be examined in other brain regions, additional time points, and other functionally specific gene sets to increase our understanding of how gene expression changes contribute to the pathology of alcohol withdrawal as well as the neurobio-logical basis of emotional regulation during this potentially excitotoxic insult.
Supplementary Material
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